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The hallmark of deterministic chaos, an extreme sensitivity to initial conditions, suggests that chaotic systems might be difficult if not impossible to control, since any perturbations used for control would grow exponentially in time. Indeed, this quite reasonable view was widely held until only a few years ago. Surprisingly, the basis for controlling chaos is provided by just this property, which allows carefully chosen, tiny perturbations to be used for stabilizing virtually any of the unstable periodic orbits making up a strange attractor. Ergodicity is another property of chaotic systems that makes them particularly amenable to control, since most points of interest are eventually visited in the natural evolution of the system. Other characteristics of nonlinear systems-together with the myriad tools of dynamical systems theory-allow the ''dynamicist of the '90s'' to control complex behavior to an extent no one would have believed possible only a decade ago. In the papers in this Focus Issue, recent advances in methods for controlling dynamical systems along with applications of these methods in a wide range of experimental settings are described. Advances in the closely related topic of synchronization of chaotic systems are also featured.
Research on controlling chaotic systems has seen remarkable growth in a short time span, with the ''early'' studies in the field appearing less than ten years ago. In the late 1980s, Hübler and co-workers 1 carried out a series of studies on manipulating chaotic systems to achieve a desired ''goal dynamics,'' with forcing terms appropriately incorporated into the corresponding governing equations. In 1990, Ott, Grebogi, and Yorke 2 introduced a linear feedback method for stabilizing unstable periodic orbits in chaotic systems, which did not require a knowledge of the governing equations. The OGY method generated widespread interest, and various modifications and reductions of the scheme quickly followed [3] [4] [5] [6] as well as alternative approaches. 7 ͑See Fig. 1 .͒ Methods for synchronizing chaotic systems developed virtually simultaneously with the developments in chaos control. In 1990, Pecora and Carroll 8 demonstrated how chaotic systems could be synchronized, using an electronic circuit coupled unidirectionally to a subsystem made up of components of the parent system. This innovation provided a new perspective on chaotic dynamics and inspired many other studies on synchronizing chaotic systems. Cuomo and Oppenheim 9 further expanded the area by demonstrating how synchronized chaotic systems could be used in a scheme for private communication.
There are now hundreds of papers on chaos control and synchronization and the area continues to grow at an almost frenzied pace. We offer only a cursory glance at the field in this Introduction, pointing out some of the seminal studies and noting a few other studies that have been influential in our own work. Our aim is to point the reader to the papers of this Focus Issue, which not only provide detailed accounts of the research area but also introduce many new advances. We also note that a number of excellent reviews are now available, ranging from introductions to the field to comprehensive accounts with extensive bibliographies. [10] [11] [12] [13] Much of the vitality of the research area has come from an intimate interplay between experiment and theory. Soon after the OGY method was published, strikingly successful applications of the method in experimental systems began to appear. Ditto, Rauseo, and Spano 14 reported the first example of experimental chaos control in which the unstable period-1 and period-2 orbits of a chaotically oscillating magnetoelastic ribbon were stabilized. Other demonstrations of experimental control quickly followed, including the stabilization of unstable periodic orbits in a driven diode circuit, 4 a multimode laser with an intracavity crystal, 15 a thermal convection loop, 16 and the Belousov-Zhabotinsky reaction.
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Experimental studies also played an integral role in the development of techniques for tracking unstable states when a system constraint is changed. Using a method developed FIG. 1. A pictorial view of stabilizing a state with one stable direction and one unstable direction. As the system state ͑ball͒ at time t 1 moves away from the state to be stabilized ͑saddle͒, this state is shifted by a perturbation so that the system state resides along the stable direction of the saddle at time t 2 .
by Schwartz and Triandaf, 18 Carroll et al. 19 demonstrated the tracking of unstable periodic orbits in a chaotic Duffing circuit, and Gills et al. 20 showed how tracking can be used to significantly extend the range of stable lasing in an otherwise chaotic laser. Other applications have also been carried out, including the tracking of unstable periodic orbits in the Belousov-Zhabotinsky reaction 21 and in the magnetoelastic strip experiment. 22 Perhaps the greatest driving force behind the advances in chaos control and synchronization has been the prospect of developing practical applications. It now seems obviousespecially with the benefit of hindsight-that the ability to transform chaotic behavior into periodic or steady-state behavior would be highly beneficial in many day-to-day circumstances. One vitally important application that immediately springs to mind is the use of control techniques to restore a regular heartbeat from the state of atrial or ventricular fibrillation, debilitating heart maladies that are often fatal. Garfinkel et al. 23 were the first to demonstrate the feasibility of using chaos control to stabilize periodic behavior from irregular heart-muscle activity. Using rabbit-heart tissue that had been induced to undergo irregular behavior related to the contractions observed in fibrillation, they identified the stable and unstable directions of an unstable periodic state and stabilized the ''regular heartbeat'' by applying appropriately timed electrical perturbations. Further studies are underway, including experimental trials in humans and the development of new methods for adaptive control of specific cardiac arrhythmias, 24 in an effort to devise practical, low-energy ͑and thus ''low-pain''͒ defibrillation devices based on chaos control.
Another application with enormous potential benefits involves the use of chaos control for destabilizing periodic behavior in the brain, where periodicity is abnormal and associated with epileptic seizure. Schiff et al. 25 were successful in doing just that in an in vitro preparation of hippocampal brain tissue in which the system was forced away from the periodic state by electrical perturbations. The possibility of a small, implantable device that could first anticipate and then ward off an epileptic seizure is an exciting prospect. Againfurther studies are underway.
Many other possibilities are now ͑dare we say͒ obvious for applications of chaos control. Controlling combustion processes, for example, could increase combustor efficiency and reduce environmentally harmful emissions. Mechanical problems of technical and economic importance, ranging from engine chatter to precision drilling in aircraft manufacture, are also amenable to the application of control techniques.
Many theoretical challenges of practical importance also remain. While techniques for low-dimensional systems are now well established, methods for controlling highdimensional systems have been only recently formulated. General approaches for controlling spatiotemporal chaos are currently not available, yet such methods will be necessary for most control applications in real-world settings. How noise affects control and synchronization is another important problem that remains to be generally addressed. The development of methods that are robust in the presence of noise will be a prerequisite for many applications, such as controlling neuronal networks in living systems, which are notoriously noisy. Nonlinear control, where a system can be moved from one state to another far away in phase space, is yet another challenge for further development.
The papers in this Focus Issue on Control and Synchronization of Chaos address all of the above theoretical, experimental, and applications issues-and more! With apologies to Winston Churchill, ''We are not at the beginning of the end, but only at the end of the beginning in our understanding and control of chaotic systems.'' It is our hope that the papers in this special issue will not only serve to summarize and inform but also to inspire you to add your own thread to the evolving tapestry of chaos control and synchronization.
